In situ microscopic study was carried out on Ni 44.3 Co 5.1 Mn 31.4 Al 19.2 metamagnetic shape memory alloy under a pulsed magnetic field up to 35.5 T. Magnetic field-induced reverse martensitic transformation was directly observed. The critical magnetic fields were determined from the contrast change of the microstructure, where good agreement had been found by magnetization measurement in a previous study. 
Introduction
In Ni 45 Co 5 Mn 36.7 In 13.3 alloy, it has recently been found that the parent phase is ferromagnetic while its martensite phase has weak magnetism.
1) The large Zeeman energy difference between the two phases results in magnetic fieldinduced transformation (MFIT) and a magnetic field-induced shape memory effect has also been realized. 1) During thermomagnetization (MT) investigations of NiCoMnIn alloys, martensitic transformation has been found to be interrupted during field cooling and all or a part of the parent phase is frozen even when cooled to 4.2 K. 2, 3) The parent phase remains "stable" even when the magnetic field is removed, and the martensite phase will not appear until heating results in heating-induced martensitic transformation (HIMT). 3) This phenomenon is called the kinetic arrest (KA) phenomenon and the temperature at which the transformation stops is called the KA temperature. Subsequently, the KA phenomenon wasconfirmed in NiCoMnGa, 4) NiCoMnAl 5) and NiCoMnSn 6) alloy systems. By summarizing the research findings on NiMn-based alloys, we can find that the thermal driving force due to supercooling for transforming to martensite phase becomes smaller and smaller at low temperature, which results in the thermodynamic necessity of the appearance of the KA phenomenon. On the other hand, the transformation hysteresis in the magnetic field becomes larger and larger at low temperature, which results in the kinetic necessity of the KA phenomenon. If we only focus on the kinetic behaviors, there are many reports on phenomena besides the enlargement of hysteresis. Sharma et 
Experimental Procedures
Sample preparation processes were described in Ref. 5 ). The sample piece was cut from the solution-treated ingot by a low-speed diamond saw. The sample was around 2 © 2 © 0.2 mm 3 in size and a flat surface was made by grinding and polishing. The high-speed microscope imaging system was applied for the in situ observation under temperature and magnetic field change. For details of this apparatus, see Katakura et al. 14) Thermomagnetization measurement was performed by Physical Property Measurement System (PPMS) under 2 K/min. Figure 1 shows the thermomagnetization curves of this sample under magnetic fields of 1, 5 and 9 T. A field cooling process followed by a field heating process was performed © 2012 The Japan Institute of Metals for this sample, as noted by the arrows. The martensitic transformation starting temperature (T M s ), the reverse martensitic transformation finishing temperature (T A f ) and the Curie temperature of the parent phase (T C ) are detected. The T M s and the T A f are obtained by extrapolation and found to decrease with increasing magnetic field. The T C is determined by the peak temperature of the differentiation of the thermomagnetization curve of 1 T (not shown). Though samples from the same ingot were used for this work and the former work, 5) the T M s and the T A f were found to be slightly lower than our former report. In the present study the transformation temperatures are defined by direct extrapolation of the thermomagnetization while we used the definition of the extrapolation of differentiation of the thermomagnetization against temperature in our former work. However, by comparing the thermomagnetization curves of 5 T in this work and our previous report, 5) it is obvious that the transformation temperatures decrease, which is considered to be the effect of the segregation of Al. Figure 2 shows the micrographs observed under the thermal and magnetic field cycles. The observation was initiated from room temperature, where Fig. 2(a) shows the microstructure of the parent phase. Then the sample was cooled down to 9 K, the surface relief caused by the martensitic transformation being clearly seen in Fig. 2(b) . Two cooling and one heating cycles were performed for this sample and the full process of the transformation can be found in video provided at our laboratory's homepage.
Results and Discussions

15)
The microstructure was also observed during the interval of the application of magnetic field and Figs. 2(c) and 2(d) show the results for 25 K. The application of magnetic field induces reverse martensitic transformation to the parent phase; when the magnetic field is at the maximum of 35.5 T, the microstructure is shown in Fig. 2(c) . During the interval of the magnetic field decreasing process, the microstructure reverts to the martensite phase, as shown in Fig. 2 (d). It should be noted that all the observations were conducted during the interval of the pulsed magnetic field, which is 4.6 ms, 14) thus this can be considered to be an almost ideal adiabatic process by sophisticated arrangement. For the metamagnetic alloys behaving reverse magnetocaloric effect, 16) this is a perfect condition for measuring the temperature change during the application of magnetic field. Magnetocaloric effect under pulsed magnetic field is being investigated by our collaborating group and the results will be published soon. In order to examine the transformation behavior quantitatively during the magnetic field application interval, the contrast change was analyzed. For every pixel of the obtained micrograph, data of brightness was recorded in 12 bit. Thus, a change in the brightness reflects the surface relief due to the martensitic transformation. Obviously, with the formation of martensite phase, the amount of surface relief increases, which also results in a wider distribution (larger deviation) of brightness for the overall micrograph. Figure 3(a) shows the contrast deviation (· brt =® brt ) plotted against the magnetic field, where · brt and ® brt are the standard deviation and the average of the brightness, respectively. It can be seen that the curves show obvious hysteresis, which is in correspondence with the magnetic field-induced reverse martensitic transformation. The curve of 25 K is obtained from the area shown by the frame in Fig. 2(d) . It was confirmed that reproductive critical transformation fields can be obtained if we calculate from other areas. The critical magnetic fields, that is, the martensitic transformation starting magnetic field, ® 0 H M s , and the reverse martensitic transformation finishing magnetic field, ® 0 H A f , are determined by extrapolation, as shown in Fig. 3(a) . Moreover, it can be found that the critical magnetic fields shift to the higher magnetic field side as the measurement temperature becomes lower. The movie files taken during the application of magnetic field are provided at our laboratory's homepage.
15) The last measurement was taken at 150 K, and it can be seen that severe contamination appears on the surface of the sample with the shape of the surface relief of martensite. Thus, the micrographs taken at 150 K are excluded from further analysis.
The critical magnetic fields of the temperature range of 9 to 125 K are shown in Fig. 3(b) . Due to the limited number of micrographs during the application of magnetic field, the error bars are also plotted for ® 0 H M s and ® 0 H A f . The error bars are estimated to be the difference of the magnetic field of the neighboring data. Thus the actual uncertainty should be much smaller.
is also plotted in the figure. Here, ® 0 H 0 is considered to be the equilibrium magnetic field at which the parent phase and the martensitic phase have equal Gibbs free energy under the condition that a small amount of martensite phase exists in the parent phase matrix. Here, the critical magnetic fields of the same alloy determined by magnetization measurement under a pulsed magnetic field 5) and those of Ni 45 Co 5 Mn 36.7 -In 13.3 determined by magnetization measurement under a static magnetic field 3) are shown together. As can be seen, the same tendency as that of the former report 5) was obtained in this research. Moreover, the magnetic field hysteresis,
, is plotted against the temperature in Fig. 3(c) , and good consistency with the former report of Ni 44.3 Co 5.1 Mn 31.4 Al 19. 2 5) is also found. For further analysis, let us make an analogy between the magnetic field hysteresis and the critical shear stress according to the following reports in the literature. The theory of temperature dependence of critical shear stress was proposed by Seeger and Kocks et al. 17, 18) In their works, the energy of the movement of a dislocation by shear stress is divided into thermally activated and athermal terms. The magnitude of athermal term is invariant with temperature, while the thermally activated term has a fixed value at 0 K and approaches zero at high temperature. Ghosh et al. found that for the temperature dependence of nucleation energy, a similarity exists between the critical shear stress and the fcc¼bcc martensitic transformation. 19, 20) This is quite understandable since the diffusionless nature of martensitic transformation is analogous with plastic deformation. Recently, Umetsu et al. also proposed that a similarity between the temperature dependences of the critical shear stress and of the magnetic field hysteresis in a NiMnIn alloy. 21) Therefore, the magnetic field hysteresis shown in Fig. 3(c) can be divided into two parts: the thermally activated term, ® 0 H TA , which decreases with increasing temperature, and the athermal term, ® 0 H ® , which is invariant with temperature. Hence, it can be concluded from Fig. 3(c) clearly shown by the isothermal growth of the martensitic transformation that the thermally activated incubation indeed exists in NiCoMnIn. Therefore, the difference between the effect related to thermal activation is also expected to result in different microstructures during thermal and magnetic field cycles. after 2 magnetic field cycles at 70 and 125 K, respectively. As marked by the black and white solid frames, though the microstructure in local areas changes by cycle, the overall pattern of the variants remains the same. Moreover, no obvious differences are found between the micrographs after thermal cycles (a) and (b) and those after magnetic field cycles (c) and (d). However, for Ni 45 Co 5 Mn 36.7 In 13.3 , where the micrographs are taken from a former work, 13) the characteristics of the microstructures greatly differ. The pattern of variants changes every time as the martensite phase forms by cooling, as shown in Figs. 4(e) and 4(f ). However, (e) and (f ) have common features, that is, for thermal cycles, parallelly aligned thin variants can be found over a large area, as shown in dashed frames. On the other hand, the pattern of microstructure also greatly changes after every magnetic field cycle, two examples being shown in Figs. 4(g) and 4(h). By comparing (g) and (h), it can be said that for magnetic field cycles, sometimes very large variants form, and that the stop of martensite growth caused by the collisions of the variants are often observed, as shown by the arrows.
In order to explain the features observed from the microstructures qualitatively, a schematic figure is introduced in Fig. 5 , according to the discussion of the thermally activated term in Fig. 3(c) . For the case of NiCoMnIn, a relatively large barrier exists upon phase transformation and thus considerable assistance by thermal activation is needed, whereas for the case of NiCoMnAl, the barrier is much smaller and only slight assistance by thermal activation is needed. These facts are illustrated in Fig. 5 by solid lines. On the other hand, despite the Gibbs energy difference between the two phases being even everywhere, generally uneven energy distribution caused by chemical segregation and elastic strain exists and varies by position. For example, suppose the same amount of elastic strain energy exists in both NiCoMnIn and NiCoMnAl samples and this unstablizes the parent phase, as shown by the dashed circles and lines in Fig. 5 . Thus the energy barriers can be represented by e 1 and e 2 for the cases of with and without elastic strain energy, respectively. Since the probability of overcoming a barrier by thermal activation, ¤, is given by the Boltzmann distribution, a higher barrier will result in a smaller ¤. For the case of NiCoMnAl, due to the small barrier, the existence of the elastic strain results in ¤ 1 ) ¤ 2 . Thus, in NiCoMnAl, there is a much greater possibility that positions with elastic strain will undergo transformation in advance. For the case of NiCoMnIn, however, due to the large barrier, ¤ 1 % ¤ 2 stands even though the elastic strain exists. Furthermore, it is also important to note that the thermally activated term is valid only at temperatures below about 50 K in Ni 44. 3 Fig. 3(c) . Therefore, in NiCoMnIn, in the thermal cycles, the nucleation site changes and the eventual pattern of the microstructure also varies every time, as shown in Figs. 4(e) and 4(f ). Give this explanation, the results of the different features observed for the two alloy systems during the in situ study can be successfully understood. However, the origin of this, that is, the reason why the energy barrier related to thermal activation behaves differently in two alloys, is still unclear. is near the condition of a single crystal. Thus less strain by the grain boundary is another considerable reason for the microstructural difference. However, it is still too early to draw any conclusions without further experimental support. Perhaps critical experiments such as the in situ observation of the dislocation movement during transformation, will eventually be required.
Conclusions
In summary, in situ microscopic observation was performed on Ni 44.3 Co 5.1 Mn 31.4 Al 19.2 metamagnetic shape memory alloy. In the temperature range of 9 to 150 K, magnetic field-induced reverse martensitic transformation was confirmed by the microstructure. The determined critical magnetic fields and transformation hysteresis show good consistency with the former results obtained by magnetization measurements. 13.3 . By considering that the energy barrier related to thermal activation differs for the two alloys, the features observed from the in situ observations can be qualitatively explained. Fig. 5 Schematic figure is shown for the effect of thermal activation on the kinetic behaviors. For parent (P) and martensite (M) phases, the existence of elastic strain energy unstablizes the parent phases, as shown by dashed circles. e 1 and e 2 stand for the energy barriers with and without elastic strain energy, respectively; ¤ 1 and ¤ 2 stand for the corresponding probabilities of overcoming the barriers by thermal activation. Refer to the text for further discussion.
